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Abstract 
Photosystem two (PSII) is unique among the various types of photosynthetic systems in that it produces avery high redox 
potential so as to oxidise water. As a consequence it is unable to protect itself completely against singlet oxygen production 
generated by chlorophyll triplets. Mass spectrometry has shown that this leads to successive light induced oxidations of the 
D1, and to a lesser extent, the D2 proteins which constitute the PSII reaction centre. It seems likely that it is these 
detrimental side reactions that underlie the requirement to degrade and replace the D1 protein at a relatively high rate. 
Recent structural studies of various forms of isolated PSII using electron micrographical techniques have revealed the 
relative positioning of the major proteins and emphasise that D1/CP43 and D2/CP47 are related through a pseudo-twofold 
symmetry axis which is consistent with our current understanding of the disassembly/reassembly processes involved in D1 
protein turnover and with the proposed structural relationship between PSII and photosystem one. © 1998 Elsevier 
Science B.V. 
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1. What makes photosystem two special? 
As far as I am aware no artificial chemical system 
has been developed which can efficiently use visible 
light energy to split water into its elemental con- 
stituents. Yet this most difficult of reactions is accom- 
plished by green plants and algae on an enormous 
scale giving rise to the oxygen in the atmosphere and 
the reducing equivalents needed to sustain essentially 
all living organisms on our planet [1]. To do so they 
employ a molecular machine called photosystem two 
(PSII). This water oxidase complex has a number of 
unique features that single it out among the many 
other protein complexes associated with the bioener- 
getic reactions of photosynthesis, respiration and 
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other transmembrane nergy converting systems 
found in plants, animals and bacteria. It has, for 
example, in excess of 30 protein subunits. Most of 
them are hydrophobic membrane proteins although 
there are a number of extrinsic proteins that are 
almost entirely bound to the inner lumenal surface in 
the vicinity of the catalytic centre where water 
splitting occurs. 
Although PSII shares common features with other 
types of photosystems, particularly those of anoxy- 
genic purple photosynthetic bacteria, such as Rhodo- 
bacter sphaeroides, it has distinct properties associ- 
ated with the water oxidation reaction. As in purple 
bacteria, light induced primary charge separation 
occurs between a primary donor composed of chloro- 
phyll (P680 in PSII and, for example, P870 in R. 
sphaeroides) and a pheophytin acceptor (Pheo in 
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PSII, BPheo in purple bacteria). The formation of the 
light induced primary charge transfer state, 
P680+Pheo -, occurs in 21 ps at room temperature [2] 
while the comparable reaction in R. sphaeroides i 3 
ps. The electron is then passed to secondary quinone 
acceptors, QA and QB (plastoquinone in PSII; ubi- 
quinone in R. sphaeroides). QA is a single electron 
carrier while the full reduction of QB gives a quinol 
which can diffuse from the QB binding site allowing 
exchange with a fully oxidised quinone. The redox 
properties of PSII and bacterial reaction centre cofac- 
tors on the reducing side are remarkably similar. 
Moreover, there is also likely to be a structural 
similarity at the level of protein given that the 
primary sequences of PSII reaction proteins, D1 and 
D2, possess homologies with the corresponding L 
and M subunits of the purple bacterial reaction centre 
[3,4]. The striking similarity between the redox active 
cofactors of PSII and the purple bacterial system does 
not hold for the donor side. In purple bacteria the 
oxidised donor, e.g., P870 +, is reduced by a cyto- 
chrome. In PSII however, the secondary donor is a 
tyrosine positioned at 161 in D1 protein. This 
tyrosine then plays a key role in the subsequent 
oxidation of water via the catalytic activity of a 
cluster of four manganese ions [5]. In the absence of 
the high resolution structural information it has been 
difficult to elucidate the precise mechanism by which 
a concerted oxidation of two water molecules is 
accomplished in order to produce one molecule of 
dioxygen. It is clear from many different types of 
studies that the process involves the successive 
accumulation of four oxidising equivalents at one 
catalytic centre thus giving rise to oscillations in the 
flash yield of oxygen with a period of four [6]. Many 
mechanistic schemes have been postulated but, in my 
opinion, the recent "Proton Abstraction Hypothesis" 
of Babcock and colleagues is the most attractive [7]. 
Whatever the precise mechanism of the water 
splitting process it is clear that it must involve highly 
oxidising cofactors generated by light induced charge 
separation in the reaction centre. This means that 
oxidised forms of P680 will have a redox potential in 
the region of 1 V or more (estimated to be 1.17 V by 
Klimov et al., [8]). This makes P680 very special 
since no other oxidised primary donor in photo- 
synthesis achieves this high potential (usually in the 
region 0.4 to 0.5 V). Exactly how the molecules of 
chlorophyll a which constitute P680 can maintain this 
remarkable redox potential is unknown. Also it is not 
clear how the PSII reaction centre minimises the 
possibility of P680 ÷ oxidising the environment in 
which it is placed, a problem unique to PSII. For 
example, the redox potential of chlorophyll and 
carotenoids in organic solvents is about 0.6 to 0.7 V 
meaning that P680 + can, in principle, oxidise the 
very pigments that occur in the PSII reaction centre. 
The importance of this special feature of PSII has 
been emphasised in several papers from my labora- 
tory (e.g. [9,10]) and from others [11]. 
I particularly wish to focus on the consequence of
this in relation to the role of carotenoids (Car) in 
photosynthetic systems. One of the key functions of 
these pigments is to quench the chlorophyll triplet 
state (3Chl). In so doing they prevent he formation 
of singlet oxygen (~O2) which would otherwise 
occur. 
Chlh~---~ lChl* ~ 1Chl + 3Chl (1) 
3Chl + Car --> Chl + 3Car (2) 
3Car ---> Car + heat (3) 
3Chl + 302 ---ff 102 ~- Chl (4) 
The carotenoid protection mechanism is vital for 
aerobic photosynthetic organisms ince I o 2 is a very 
reactive and toxic species. It relies on rapid and 
efficient triplet transfer from the chlorophyll to the 
carotenoid (Eq. (2)) followed by a relaxation of the 
carotenoid triplet to its ground state (Eq. (3)). For the 
triplet transfer to be efficient, both molecules must be 
positioned very close to each other. This required 
spatial relationship has, for example, been revealed in 
the high resolution structure of LHCII [ 12]. However, 
in the case of PSII, it is impossible to place a 
carotenoid ([3-carotene) very close to P680 since to 
do so would mean that it would be readily oxidised 
by P680 +. This argument herefore suggests that 
when the P680 triplet state is formed it will interact 
with oxygen to form singlet oxygen. 
3P680 + 30 2 "-')P680 + ~O 2 (5) 
The 3p680 triplet state can form directly from 
intersystem crossing but is also generated, with a 
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30% yield at room temperature, by recombination of
the radical pair P680+Pheo - [13]. The latter route is 
distinguished by a characteristic EPR spin-polarised 
signal [14]. 
2. Photosystem two as a singlet oxygen 
generator 
Using flash absorption spectroscopy to study iso- 
lated PSII reaction centres composed of the D1 and 
D2 proteins, c~- and [3-subunits and the PsbI protein, 
we showed some time ago that the presence of 
oxygen speeded up the decay of the P680 triplet state 
[14]. In the absence of oxygen the decay occurred in 
about 1 ms but decreased to 33---3 IXS under aerobic 
conditions. This result was in line with Eq. (5) and 
with the earlier measurements of Satoh et al. [15]. We 
therefore undertook a series of studies with isolated 
PSII reaction centres to detect whether singlet oxygen 
was produced under the same conditions. Both opti- 
cal [16,17] and chemical [18] assays were employed 
and showed that PSII can indeed generate singlet 
oxygen. The conditions chosen were severe, with 
secondary electron transfer absent, thus favouring the 
P680÷Pheo - recombination reaction. Under these 
conditions the yield of singlet oxygen was relatively 
high [18]. However, the generation of this toxic 
species would be expected to occur very infrequently 
in more intact isolated PSII complexes or under 
normal in vivo conditions. Nevertheless, when it does 
occur it would most certainly be detrimental to the 
environment in which it is formed. 
3. Posttranslational modifications of the D1 
protein and its turnover 
Unlike any other type of photosystem, PSII is also 
distinguished by the fact that the D1 protein turns 
over rapidly compared to any other protein in the 
thylakoid membrane. The light induced turnover of 
the D1 protein (halftime about 30 min in moderate 
light) is almost certainly a consequence of the special 
properties of PSII described above. The general 
consensus is that unavoidable toxic reactions occur 
within PSII which result in the requirement to 
degrade and replace the D1 protein. According to our 
work [19,20], and also others [21,22], the likely cause 
of the damage is either direct oxidation due to 
electron extraction by P680 ÷ or due to singlet oxygen 
attack [24,25]. The PSII damage-repair cycle has 
been discussed in considerable detail elsewhere [23- 
25] and involves a complex series of highly regula- 
tory and synchronised events. The fact that it is the 
D 1 protein alone that turns over rapidly suggests that 
the damage is localised and does not involve species 
that can diffuse throughout the entire PSII complex or 
migrate to other protein complexes in the thylakoid 
membrane. (Note that under extreme conditions the 
D2 protein will also turn over at measurable rates.) 
Consistent with the view that either P680 + or 3p680 
are responsible for PSII inactivation is the likelihood 
that the D1 protein harbours most of the redox active 
components involved in primary and secondary elec- 
tron transfer [3-5]. 
In order to gain a better understanding of the light 
induced posttranslational changes that can occur in 
PSII proteins we have used fast atom bombardment 
(FAB) and electrospray (ES) mass spectrometry 
(MS) to analyse the D1 and D2 proteins isolated 
before and after illuminating isolated PSII reaction 
centres [26-28]. 
As can be seen in Fig. 1, the deconvoluted ES-MS 
spectrum for isolated D1 protein of pea peaks at the 
expected molecular mass of 38 041---5. However, the 
spectrum is unusually wide indicating that there are 
populations of D1 protein having high molecular 
masses. A similar heterogeneity was also noted for 
the isolated D2 protein although, based on the shape 
of the deconvoluted ES-MS data, this seemed to be 
less severe than for the D1 protein [27]. FAB-MS of 
trypsin digested D1 and D2 proteins indicated that the 
heterogeneity could in part be explained by phos- 
phorylation at the N-terminus of the two proteins but 
incremental increases of 16 mass units indicated that 
oxidation processes were occurring [28]. The level of 
heterogeneity/oxidations could be increased by il- 
lumination of isolated PSII reaction centre complexes 
under conditions when they have been shown to 
generate singlet oxygen [16-18]. Regions particularly 
susceptible to oxidation in the D1 protein are indi- 
cated in Fig. 2 and are located around the anticipated 
cofactor binding sites. The exception seems to be the 
C-terminus region but there is evidence that this part 
of the D 1 protein curls around so as to be close to the 
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Fig. 2. Protein sequence of the D1 subunit. The circled residues are those that have been mapped by mass spectrometry and the shaded regions correspond 
to the peptides with oxidised amino acids (see Ref. [28]). 
donor site. More recent studies using a Q-TOF 
tandem mass spectrometer indicate that major oxida- 
tion sites are methionines (Sharma, Panico, Morris 
and Barber, unpublished). 
From our studies we suggest hat the formation of 
singlet oxygen by PSII is a direct consequence of the 
high potential of P680 ÷ in so far as the protective 
mechanism of carotenoid quenching of triplet states 
cannot be applied in this unique case. As a result, 
multiple oxidations occur in the D1 protein and to a 
lesser extent in the D2 protein, which lead to 
conformational changes that cannot be tolerated 
above a certain level and thus require the controlled 
and synchronised egradation and replacement of 
newly synthesised D1 protein [25]. The oxidations 
themselves do not normally induce a "chemical" 
degradation but rather signal a specific proteolytic 
digestion regulated by the translation processes [29]. 
Further regulatory processes also come into play, 
such as N-terminal phosphorylation [30,31]. Under 
stress conditions or with isolated complexes, the 
increasing levels of oxidation may become so severe 
that degradation of the D1 protein occurs nonenzymi- 
cally [32,33]. The concept hat preferential oxidation 
of the D1 protein by singlet oxygen underlies the 
reason for its rapid turnover has to be proven for the 
in vivo situation and there is the possibility that other 
PSII proteins not contained in the isolated reaction 
centre are also susceptible to oxidations. 
4. Photosystem two structure and consequences 
Electron microscopy is proving to be a very useful 
approach for determining the structural details of 
PSII. We have isolated PSII at various levels of 
complexity in terms of protein composition [34,35]. 
These isolated complexes have been studied as single 
particles [36] and after reconstitution to form 2D 
crystals [37,38]. The largest complex studied was a 
dimer having a molecular mass of about 725 kDa and 
containing all the core reaction centre proteins, CP47, 
CP43, D1 and D2 proteins and several small poly- 
peptides, including the a- and [3-subunits of cyto- 
chrome b559, PsbI, PsbL, PsbK, PsbT c and PsbW 
[34,35]. This complex also contained LHCII, CP29 
and CP26 [34] and has been called the LHCII-PSII 
supercore complex. The supercomplex, together with 
the isolated core reaction centre complex (molecular 
mass 450 kDa) have been analysed as single particles 
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in the electron microscope after negative staining 
[36]. Images of the two forms of isolated PSII are 
shown in Fig. 3 which also indicates the positioning 
of the core dimer within the centre of the supercom- 
plex, thus allowing the location of LHCII, CP29 and 
CP26 to be identified. Using the same "difference" 
approach, it has also been possible to locate the 
positioning of the 23 kDa and 33 kDa extrinsic 
proteins of the oxygen evolving system [39]. The 
core dimer without he 23 kDa and 33 kDa extrinsic 
proteins has been reconstituted into thylakoid lipids 
in order to generate 2D crystals [37]. These crystals 
have been analysed after negative staining and com- 
pared with 2D crystals of a subcomplex of PSII 
(CP47-RC) containing CP47, D1 and D2 proteins 
and other components, uch as cytochrome b559, but 
not CP43 [37]. In this way the location of CP43 
within the core complex has been achieved 
The 2D crystals composed of the CP47-RC sub- 
complex have also been analysed by cryoelectron 
microscopy to yield a 8 ,~ projection map [38]. By 
comparison with the projection of the structure of the 
L and M subunits it has been possible to identify the 
position of the D1 and D2 protein in the CP47-RC 
map given the homology of the two pairs of reaction 
proteins [3,4]. As a consequence the likely position of 
CP47 within the projection map was identified [38]. 
Given the information which has been obtained 
from single particle analysis and electron crystal- 
lography of various forms of isolated PSII, it is now 
possible, as shown in Fig. 4, to locate all major 
proteins within the LHCII-PSII supercomplex. More- 
over, the comparison of the PSII structural data with 
that obtained for photosystem one (PSI) by X-ray 
crystallography [40] indicates ignificant similarities 
in the structures of the two types of photosystems 
[38]. There seems little doubt from our studies that 
CP47 and CP43 are related to each other through a 
Fig. 3. Averaged micrographs of top views of (A) isolated LHII-PSII supercores (MW-725 kDa); (B) isolated PSII dimeric cores (MW~450 kDa); (C) 
shows the central ocation of the PSII dimeric core within the LHCII-PSn, thus locating LHCn, CP29 and CP26 in the outer regions of the supercore (see 
Refs. [34,36] and Fig. 4). The isolated preparations were stained with uranyl acetate. 






















Fig. 4. Proposed position of the major subunits of PSII within the LHCII-PSII supercomplex. The mapping is based on biochemical and crosslinking data, 
as well as recent structural information obtained from electron crystallography (Refs. [34,37,38,45]). 
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pseudo-twofold symmetry axis which also relates the 
D I and D2 proteins. Moreover, the six transmem- 
brane helices of CP43 and CP47 are likely to be 
structurally similar to the six N-terminal transmem- 
brahe helices of the reaction centre proteins of PSI as 
suggested by Fromme et al. [41] and others [42,43]. 
The positioning of the D1 protein adjacent to CP43 is 
favoured so as to account for the likelihood that the 
degradation and replacement of the D1 protein during 
its turnover involves displacement of CP43, as well 
as the outer LHCII components, from the complex 
for which there is experimental evidence [44]. 
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